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The development of the mammalian neocortex requires radial and tangential migration of cells. Radial migration of differentiated neurons
from the ventricular zone (VZ) is well established. It is hypothesised that an earlier phase of tangential migration of mitotically active cells
lays down a widespread periodically spaced set of progenitors that generate radial arrays of postmitotic neurons. We use a transgenic cell
lineage marker to label and observe the behaviour of progenitors before and during the early stages of neurogenesis. Using optical projection
tomography (OPT), we show that individual progenitor cells generate many radially arrayed columns of periodically spaced cells. Column
positions indicate the paths taken by these progenitor cells as they migrate, often over long distances, through the proliferative zone. Clonally
related cells can be distributed in both hemispheres, suggesting progenitor cells cross the midline in the anterior neural plate. We observe a
dramatic and rapid decline in the number of labelled clones after E13.5, indicating that there is extensive cell death at this time.
D 2003 Published by Elsevier Inc.Keywords: Ventricular zone; Neocortex; NeurogenesisIntroduction
It is essential to follow the behaviour of neural progenitor
cells from the earliest stages of neurogenesis if we are to
understand how the complex mature cerebral cortex is
generated. In the mouse cortex, neurogenesis begins at
embryonic day (E) 11.5 and continues until E18.5 (Gillies
and Price, 1993; Levers et al., 2001; Price et al., 1997).
Progenitor cells in the ventricular zone (VZ) lining the
forebrain vesicles divide to generate postmitotic neurones.
These neurones exit the VZ and migrate towards the pial
surface along the processes of radial glial cells and establish
the six morphologically distinct laminae, which compose
the cortical plate.
Although radial migration is a major mechanism of cell
dispersion during neurogenesis, it is now clear that cells also
disperse tangentially (Fishell et al., 1993; Reid et al., 1995;0012-1606/$ - see front matter D 2003 Published by Elsevier Inc.
doi:10.1016/j.ydbio.2003.11.006
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1992, 1993). The distribution of labelled cells in clones
labelled by retroviral injection midway through neurogene-
sis and later suggested tangential dispersion can occur
within the VZ, and clonally related cells can be distributed
widely (Reid et al., 1995; Walsh and Cepko, 1992, 1993).
Further, live cell imaging of labelled cells in cultured
cortical explants has shown that cells can move tangentially
as well as radially, at rates up to 100 Am per hour, and that
sibling cells can migrate independently of one another,
exiting the VZ at different times and on different trajectories
(Fishell et al., 1993). The patterns and mechanisms of cell
dispersion are fundamental in forming mature cortical
structures.
Patterns of proliferation and death are also critical in
determining the structure of the cortex because they control
the number of cycling progenitor cells and the number of
postmitotic neurones generated during different stages of
neurogenesis. Cell death rates, in particular, have been
difficult to assess within the progenitor population. Studies
using terminal dUTP nick end labelling (TUNEL) to detect
dying cells have suggested that there is virtually no cell
death during telencephalon development, and that the ma-
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Thomaidou et al., 1997). Contrary to these findings,
Blashke et al. (1996) reported unexpectedly high rates of
embryonic cell death using the in situ end labelling +
(ISEL+) technique, with the majority of death affecting
the cycling population in the germinal layers. If correct,
the consequences of such high rates of cell death have far-
reaching implications for cortical development, including
the timing of neurone production, lamination, and the
establishment of cortical connections.
Dopachrome tautomerase (DCT) is a melanocyte en-
zyme, which is also expressed in the developing telen-
cephalon, although its function there, if any, is unknown
(Steel et al., 1992; Pavan and Tilghman, 1994). The Dct
gene promoter has been used to drive expression of the
LacZ and Cre reporter genes in the telencephalon (Guyon-
neau et al., 2002; Mackenzie et al., 1997), and thus can
be used to mark the lineage of these cells. We have
generated and analysed embryos from transgenic mouse
lines in which the Dct promoter controls expression of the
LaacZ reporter (Wilkie et al., 2002). This reporter gene
carries a 290-bp duplication within LacZ, which introdu-
ces an in-frame termination codon. This results in the
translation of a non-functional truncated h-galactosidase
protein in all cells that express the transgene. By homol-
ogous recombination either intra- or intergenically, the
290-bp duplication reverts to wild type at low frequency,
restoring the normal reading frame and resulting in the
translation of functional protein in expressing cells. There-
fore, a single founder cell and all its progeny can be
labelled genetically. Reversion events can occur in any
dividing cell and at any time during development. This
technique offers an independent and unbiased means of
examining cortical development.
We have studied labelled telencephalic clones in Dct-
LaacZ mosaic embryos throughout the early stages of
neurogenesis. Clone members were distributed widely,
occupying multiple functional domains. A proportion of
clones spanned both hemispheres, indicating that progen-
itors can cross the midline in the anterior neural plate. We
used optical projection tomography (OPT) (Sharpe et al.,
2002) to generate 3-dimensional reconstructions, and we
have visualised the migratory paths likely to have been
taken by progenitor cells in the VZ. Finally, changes in
the frequency at which clones were detected at different
stages of neurogenesis have indicated that a phase of
extensive cell death occurs in the progenitor population
after E13.5.Materials and methods
Generation of Dct-LaacZ transgenic mice
The animal studies described in this paper were carried
out under the guidance issued by the Medical ResearchCouncil in ‘Responsibility in the use of animals for
Medical Research’ (July 1993) and licensed by the Home
Office under the Animals (Scientific Procedures) Act 1986.
The construct was generated from a plasmid vector con-
taining the Dct promoter and the LacZ transgene (Mackenzie
et al., 1997). The duplication was introduced into the LacZ
coding sequence and transgenic animals were generated as
described (Wilkie et al., 2002). Breeding animals were main-
tained on a mixed (C57BL/6  CBA) F1-CD1 background
and genotyped by PCR amplification of LacZ sequences from
genomic DNA using either of the following pairs of primers:
5VGTGACTACCTACGGGTAACA3V and 5VATTCATTGG-
TGGCACCATGCCGT3V, or 5VGAATTATTTTTGATG-
ATGGCGTT3V and 5VCGCTGATTTGTGTAGTCGGTT3V.
To generate embryos for Xgal staining, timed matings
were set up in either direction between carriers of the LaacZ
transgene and CD1 mice. The morning of vaginal plug
detection was counted as embryonic day 0.5 (E 0.5). Half of
all progeny were assumed to be transgenic since tail biopsy
analyses of breeding animals confirmed normal Mendelian
inheritance of the transgene.
Wholemount Xgal staining
Embryos were harvested from timed matings aged E10.5
to E14.5. Embryos were dissected in PBS and stained with
Xgal as described previously (Mackenzie et al., 1997).
In situ hybridisation
The in situ hybridisation procedure was adapted from
Strahle et al. (1994). E13.5 and E14.5 transgenic embryos
were fixed in 4% PFA, 4% sucrose in PBS + 12 mM
MgCl2, then rinsed in 4% sucrose in PBS + 12 mM
MgCl2. Embryos were embedded in 1.5% agarose and
5% sucrose in PBS. Blocks were equilibrated in 30%
sucrose in PBS overnight and frozen on dry ice. Ten-
micromolar sagittal cryostat sections were cut, placed onto
TESPA-coated slides, air dried for 1 h and stored at
70jC. Sections were thawed before hybridisation. The
LaacZ riboprobe was prepared and labelled as described
(Wilkie et al., 2002), diluted 1:500 in hybridisation buffer
and denatured at 70jC for 10 min. Slides were incubated
with 200 Al hybridisation mix at 65jC overnight, then
washed once in 1 SSC, 50% formamide and 0.1%
Tween-20 for 15 min at 65jC, twice for 30 min at 65jC
in fresh solution and twice at room temperature in 1
TBST for 30 min. The slides were then blocked in 10%
heat-inactivated sheep serum in 1 TBST for 1 h and
incubated in 100 Al 1:2000 dilution anti-DIG AP fab
fragment in 10% serum/1 TBST. They were incubated
with the antibody overnight in a humidified chamber at
4jC and washed five times in 1 TBST for 20 min each
followed by two 10-min washes in 1 NTMT. Finally,
slides were stained with 4.5-Al NBT and 3.5-Al BCIP per
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mounted using aquamount (BDH).
Reconstruction of embryos using optical projection
tomography
Embryos were reconstructed as described (Sharpe et al.,
2002). Ventricular surfaces were painted onto virtual sec-
tions manually using MAPaint (available at http://genex.
hgu.mrc.ac.uk/Software/). Painted ventricle domains are
guides used to orient the relative positions of columns
and they do not accurately represent the borders or edges
of ventricles.
Statistical analysis of reversion frequencies
The incidence of double-sided clones was analysed as
follows. The probability of a reversion event occurring in
the left hemisphere = X. Despite the very low incidence of
labelled clones, one cannot be absolutely certain that
labelled cells on a single side composed a single clone in
all cases. Therefore, we expressed the presence of a cloneFig. 1. Examples of telencephalic clones labelled in Dct-LaacZ/LacZ mosaic embry
upper panel, lateral view and lower panel, frontal view. (B–D) Upper panel, ov
Tg(Dct-LaacZ)189.1Jkn. (C) E13.5 labelled clone from line Tg(Dct-LaacZ)195Jkn
RNA is expressed at high levels in the telencephalon of Tg(Dct-LaacZ)195Jkn em
using a LaacZ riboprobe at E, F E13.5 and G, H E14.5.as the presence of ‘at least one clone’. Assuming labelling
events occur independently in the two hemispheres and
with equal probability, and the probability that an embryo is
transgenic is 1/2, then the probabilities of the different
possible labelling patterns are as follows. P (there is at
least one clone on the left hand side and no clones on the
right hand side) = 1/2 X (1  X). Similarly, P (there is at
least one clone on the right hand side and no clones on the
left hand side) = 1/2 X (1  X). P (there are no clones on the
left hand side and no clones on the right hand side) = 1/2 +
1/2 (1  X) (1  X). P (there is at least one clone on the left
hand side and at least one clone on the right hand side) = 1/2
X2. Let NE denote the total number of embryos, N0 is the
number with no labelled clone, N1 is the number with at
least one clone in a single hemisphere, and N2 is the
number with at least one clone in both hemispheres. Then,
NE = N0 + N1 + N2. The maximum likelihood of X could be
determined using the equation N0 log{1  x + 1/2 x2} + N1
log{x(1x)} N2 log {1/2 x2}. However, as X is small the
second order terms can be ignored and X can be estimated
by Xe, where Xe = 1  N0/NE. If clones do occur inde-os from different transgenic lines. (A) E13.5 Tg(Dct-LacZ) control embryo;
erall view, lower panel, detailed view. (B) E13.5 labelled clone from line
. (D) E13.5 labelled clone from line Tg(Dct-LaacZ)195.1Jkn. (E–H) LaacZ
bryos at E13.5 and E14.5. In situ hybridisation on 10 Am cryostat sections
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least one clone on the left hand side and at least one clone
on the right hand side) = 1/2 X
2, then the expected number
of double hemisphere clones can be predicted by N2e = NE
x 1/2 X
2. P is the P value for the null hypothesis that N2 is
drawn from a Poisson distribution with mean N2e. Some
individual P values are not significant. However, a test of
the observed and predicted numbers of embryos with
double hemisphere clones for all age groups combined
[S(N2) = 28.000 and S(N2e) = 5.0302] gives an overall P
value < 106 with a Poisson distribution with a mean of the
sum of each individual N2e.Fig. 2. Examples of labelled clones in Tg195 Dct-LaacZ/LacZ mosaic embryos. (
arrows). (A) A single-column clone at E14.0. (B) Clone at E14.0 comprising t
columns. (D–M) Large clones. Reconstructions of some large clones are presente
patches of labelled columns. (E) E12.5 double-hemisphere clone which extends a
over approximately half of the neocortex. (G) Large double-hemisphere clone with
in both hemispheres (E12.5). The left side has many fewer columns despite being d
This large clone also covers most of the rostrocaudal length of the neocortex (com
clone in the medial and dorsal telencephalon (compare with OPT reconstruction of
(compare with the OPT reconstruction of this clone in Figs. 3E–H). (L) E13.5 clon
in Figs. 3I–L). (M) E13.5 clone in dorsal and medial telencephalon. This clone ex
reconstruction of this clone in Figs. 3P–S). Embryos were harvested at the agesResults
Generation of labelled telencephalic clones in Dct-LaacZ
mosaic embryos
We have shown previously that the Dct promoter is
expressed ubiquitously throughout the developing telen-
cephalon from E10 until at least E15.5 (Mackenzie et al.,
1997) (Fig. 1a). We generated transgenic mice in which the
Dct promoter drives the non-functional LaacZ reporter gene
(Bonnerot and Nicolas, 1993; Mathis and Nicolas, 1999,
Mathiset al., 1997; Meilhacet al., 2003; Nicolas et al., 1996;A–C) Small clones containing five or fewer columns (columns marked by
wo adjacent columns. (C) A clone at E13.5 comprising three widespread
d in Fig. 3. (D) E12.5 double-hemisphere clone with multiple large discrete
cross the entire neocortex in the left hemisphere. (F) E12.5 clone extending
a wide band of columns extending across the entire length of the neocortex
istributed across a large region. (H, I) Two views of the same clone at E14.5.
pare with OPT reconstruction of the same clone in Figs. 3M–O). (J) E14.5
the same clone in Figs. 3C, D). (K) E14.5 clone in the medial telencephalon
e in dorsal telencephalon (compare with the OPT reconstruction of this clone
tends anteriorly to the region marked by the arrow (compare with the OPT
indicated and stained with Xgal.
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cation in the coding region, resulting in the production of a
truncated h-galactosidase protein. At low frequency, it
reverts to wild-type LacZ. If this occurs in a cell contribut-
ing to the telencephalon, then functional h-galactosidase
enzyme is produced in all telencephalic daughters of this
cell, allowing the lineage to be followed in this tissue by
staining for enzyme activity.
Labelled telencephalic clones were generated in several
independent transgenic lines. We examined 15 transgenic
lines that carried the Dct-LaacZ transgene, by harvesting
embryos from E13.5 and E14.5, and staining with XGal to
detect telencephalic reversion clones. The frequencies with
which labelled clones were detected in different transgenic
lines presumably were influenced by copy number and by
chromosomal location (Bonnerot and Nicolas, 1993), with
increasing copy numbers providing increasing opportunities
for recombination, and hence reversion. Lines, which did
not generate labelled clones following analysis of the first
40 embryos, were discarded. In five lines, we identified
labelled clones. Each clone resembled the others in the
widespread distribution of clone members and their periodic
spacing, and examples of three are shown in Figs. 1B–D.
Line Tg(Dct-LaacZ)195Jkn (hereafter, Tg195) was selected
for detailed analysis because it generated clones at the
highest frequency.
To be confident that the stained cells were a complete
representation of the revertant telencephalic portion of the
clone, we needed to establish that all cells in the telenceph-
alon expressed the transgene, and that there was no mosaic
expression, which could have led to an absence of Xgal
positive cells. We confirmed by in situ hybridisation to
mRNA that LaacZ is expressed throughout the telencepha-
lon of E13.5 and E14.5 Tg195 embryos (Figs. 1E–H). This
mRNA is mostly non-functional, however, and active h-
galactosidase is found only in revertant cells, which con-
tribute to the telencephalon.
We analysed approximately 1790 transgenic Tg195
embryos aged between E10.5 and E14.5 by Xgal staining
and recorded 159 embryos (8.9%) that contained labelledTable 1
Observed and expected frequencies of embryos with labelled cells occupying two
Embryonic
age
Number of
embryos
(NE)
Number of
embryos with
no clone (N0)
Number of
embryos with a
single-hemisphere
clone (N1)
Number of
embryos with a
double-hemispher
clone (N2)
E10.5 480 479 0 1
E11.5 528 520 7 1
E12.5 547 522 23 2
E13.5 823 751 60 12
E14.0 594 561 25 8
E14.5 604 584 16 4
*P is the P value for the null hypothesis that N2 is drawn from a Poisson distr
Materials and methods for more details.cells in the telencephalon. The Xgal positive cells seen in
mosaic LaacZ/LacZ embryos showed visually striking
columns of labelled cells projecting from the ventricular
zone towards the surface of the telencephalon (Fig. 2).
Many labelled embryos had small clones containing five or
fewer columns. In some cases, there was a single radial
column (Fig. 2A), while in the others, few columns were
either adjacent (Fig. 2B) or dispersed widely (Fig. 2C).
Large clones contained widespread columns positioned
throughout the telencephalon (Figs. 2D–M). Although it
is formally possible that multiple reversion events gener-
ated widely dispersed columns, the frequency at which we
detected labelled clones was sufficiently low to indicate
that multiple reversion events were rare (see below). The
arrangement of columns and their frequency of labelling
provided valuable information regarding dispersion of cells
in the progenitor population.
Double-hemisphere clones
Twenty-eight of the 159 embryos had labelled columns
in both hemispheres of the telencephalon (e.g., Figs. 2D–
G). Such patterns could result from either two independent
reversion events or a single event, the descendants of
which became distributed across both hemispheres. For
each age group, we calculated the frequency at which we
would have expected to record an embryo with labelled
cells in both hemispheres if the labelling had resulted from
two independent reversion events. We compared these
expected frequencies with the frequencies at which we
observed embryos with labelled cells in both hemispheres.
We found that double-hemisphere clones were observed at
frequencies significantly greater than those predicted by
the occurrence of two independent reversion events (Table
1). At E11.5, approximately 16-fold more double-hemi-
sphere clones were recorded than is predicted if the two
hemispheres had been labelled independently (Table 1).
Over the next 2 days (E12.5 and E13.5), the numbers of
double-hemisphere clones recorded were also greater than
is predicted by independent reversion events alone (3.5-hemispheres
e
Estimate of the
probability that
an embryo has a
single-hemisphere
clone (Xe)
Expected number of
double-hemisphere clones
if two hemispheres are
labelled independently
(N2e)
Observed/
expected
(N2/N2e)
P value*
(1  N0/NE) [N E*1/2(1  N0/NE)2]
0.002 0.001 960.0 0.0010
0.015 0.061 16.5 0.0588
0.046 0.571 3.5 0.1125
0.087 3.149 3.8 0.0001
0.056 0.917 8.7 0.0000
0.033 0.331 12.1 0.0004
ibution with mean N2e. Some individual P values are not significant. See
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reduction in these numbers compared with E11.5. At E14.0
and E14.5, an 8.7- and 12.1-fold excess of double-hemi-
sphere clones, was observed relative to that which ispredicted from independent reversion events. Most dou-
ble-hemisphere telencephalic clones recorded between
E11.5 and E14.5 actually composed a single clone dis-
persed across both hemispheres.
Fig. 4. Clone boundaries do not correlate with functional domain boundaries. (A–F) The shapes of representative single- and double-hemisphere clones are
coloured in blue, while functional domain boundaries are marked in black. In each example, the clone is distributed across at least four future functional
domains, and the edges of clones do not appear to coincide with the edges of functional boundaries. Areas covered by each clone were mapped onto diagrams
of the outer limits of the E16.5 telencephalon. E16.5 functional domain boundaries were superimposed onto the clones. A key to functional domains as
described by Bishop et al. (2000) is shown on the left of D (right hemisphere). A1, auditory area; M1, M2, motor areas; S1, S2, somatosensory areas; V1, V2,
visual areas. Orientation is indicated by C, caudal; R, rostral.
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with optical projection tomography (OPT)
The labelled columns in large clones appeared to be
spaced regularly in whole-mount preparations of Xgal-
stained embryos. To visualise these large clones in three
dimensions, we reconstructed some embryos using OPT
(Sharpe et al., 2002) (Fig. 3). This method allowed the
three-dimensional distribution of labelled cells to be docu-
mented without subjecting the sample to harsh processing or
sectioning. The method provided a more accurate represen-
tation of the sample than traditional methods. Virtual sections
were derived from the OPT data, and these were very similar
to single paraffin sections prepared from fixed embryos (Figs.
3A, B). OPT-reconstruction of some clones suggested that
columns were not simply scattered in the telencephalon, butFig. 3. OPT-generated reconstructions of Tg195 telencephalon clones. (A, B).
traditional paraffin section, showing arrangement of labelled cells as columns. (A)
in E–H. (B) Paraffin sagittal section through embryo shown in Fig. 1D. (C–S) Se
coloured grey (see Materials and methods for details); Xgal-labelled columns are fa
Images from the embryo shown in Fig. 2K. (E, F) Anterior views. (G) Posterior v
column orientation. This arrangement can not be seen in wholemount preparations
2L. (I). Anterior view. (J) Medial view; anterior is to bottom left of image. (K) M
image. (L) Medial view showing orientation of columns on ventral surface of ven
view. (N, O). Dorsal views. Columns span the dorsal surface of the ventricle and th
of the posterior region of the clone is not included (see Figs. 2H, I). (P–S) Imag
anterior is to top. (R) Anterior view showing region labelled by arrow in Fig. 2M
Movies of OPT reconstructions of these clones are available as supplementary dathey formed chains (Figs. 3C, D, M–O; Movies 1 and 5).
OPT reconstructions can be rotated to display all sides of the
sample, and these images illustrate how columns in larger
clones are related spatially. In some embryos with larger
clones, the organisation of columns was complex with
multiple possible chains (Figs. 3E–L, P–S; Movies 2–4).
We mapped the areas over which clones were distributed
onto pre-drawn diagrams of the mouse neocortex. Then, we
superimposed functional boundaries thought to be estab-
lished by E16.0 (Bishop et al., 2000) onto the maps to
determine whether the distribution patterns of clone mem-
bers correlated with functional domain boundaries. For the
30 embryos whose clones were mapped, there was no
indication that the regions occupied by clone members
obeyed functional domain boundaries at E13.5 or E14.5
(Fig. 4).Comparison of a virtual section from an OPT-reconstructed embryo and
Virtual coronal section through embryo shown in Fig. 2K and reconstructed
lected images from embryos reconstructed using OPT. Ventricles are false-
lse-coloured blue. (C, D) Images from the embryo shown in Fig. 2J. (E–H)
iew. (H) Medial view in the absence of the ventricle illustrating the relative
(Fig. 2K) or in the anterior view. (I–L) Images from embryos shown in Fig.
edial view showing posterior extent of clone; posterior is to bottom right of
tricle. (M–O) Images from embryo illustrated in Figs. 2H, I. (M). Anterior
ey are arranged in a chain. This represents a partial reconstruction, and much
es of the embryo shown in Fig. 2M. (P) Anterior view. (Q) Medial view;
. (S) Medial view of posterior region; posterior is to right side of image.
ta.
Table 2
Frequency of telencephalon revertant clones
Age Estimated number
of transgenic
embryosa
Total number of
embryos with
labelled clones
Proportion of
embryos with
labelled clones
E10.5 240 1 0.004
E11.5 264 8 0.03
E12.5 273 25 0.09
E13.5 411 72 0.17
E14 297 33 0.11
E14.5 302 20 0.07
a Estimated as 50% total embryos examined.
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The overall frequency at which clones were detected was
very low, with fewer than 1 in 10 transgenic embryos having
labelled cells. We gained insights into the dynamics of
clonally related populations of cells by analysing the fre-
quency with which clones were detected at different stages
of development. The rate of homologous recombination per
cell division in cells transfected with LaacZ is approximate-
ly 5  106 (Bonnerot and Nicolas, 1993). This rate is
probably different in Tg195, nevertheless, there is a partic-
ular and probably fixed chance that a cell will experience a
reversion event at each division. We predicted that, as the
embryo grows and there are more cell divisions, reversion
events should occur with increasing frequency. We have
previously observed, in the same line, that the incidence of
melanoblast clones increases in two phases throughout
development (Wilkie et al., 2002). As expected, the number
of embryos with labelled clones in the telencephalon in-
creased dramatically between E10.5 and E13.5, presumably
because the massive increase in the size of the progenitor
population before the onset of the major phase of neuro-
genesis (Chenn and McConnell, 1995) (Table 2). Unexpect-
edly, between E13.5 and E14.5, the fraction of embryos
with labelled clones fell by more than half (2.4-fold). We
have demonstrated that the transgene continued to be
expressed at high levels in the VZ at E14.5 (Figs. 1E–H)
and loss of signal could not be attributed to loss of
expression. Nor could the loss of labelled clones at this
stage be explained by tangential migration of cells out of the
cortex (Chapouton et al., 1999). Even in the unlikely event
that no new reversion events occurred after E13.5 (i.e., there
was no further proliferation), we should still have seen those
clones labelled before E13.5, resulting in an unchanged
labelling frequency. As we saw a decrease, there must have
been loss of entire clones of cells by cell death between
E13.5 and E14.5.Discussion
We have labelled the progeny of single cells in the
telencephalon before or during the early stages of neuro-
genesis by reversion of LaacZ to functional LacZ in Tg(195)mosaic embryos at low frequency and at random. Labelled
clones consisted of radially oriented columns projecting
from the ventricular surface towards the pial surface of the
developing cortex. In the largest clones, columns were
distributed widely across multiple future functional
domains. Clones reconstructed using OPT recorded the net
progenitor cell movements in the VZ. Labelled clones were
recorded in both hemispheres at a frequency greater than
expected. Finally, the dramatic decline in the frequency at
which clones were detected between E13.5 and E14.5
indicated there was a high incidence of cell death in the
progenitor population at this time.
Tangential dispersion of neural progenitor cells
We suggest that radial columns record the migratory
history of progenitor cells as they move through the VZ.
Where chains of columns were seen, they were likely to
result from progenitor cells undergoing periodic divisions,
each producing a migratory progenitor cell and a non-
migratory daughter cell, as proposed in the model of Reid
et al. (1995). The non-migratory daughter cell would divide
further generating cells that subsequently undergo radial
migration to generate columns of cells that span the telen-
cephalic wall (Bonnerot and Nicolas, 1993; Reid et al., 1995;
O’Rourke et al., 1997). Small clones may have resulted from
a recent reversion event or from loss of cells in the clone by
cell death. The latter is a likely explanation for the presence
of small clones comprising widely dispersed columns.
Where chains were not obvious, it is likely that migrating
progenitors sometimes divided to generate two new migra-
tory progenitor cells, each of which subsequently migrated
(and possibly further divided) independently, producing
patterns of columns too complex to determine the migratory
history of the population. We conclude that, in embryos with
large labelled clones, the labelling event occurred early in
development before the onset of neurogenesis, far earlier
than would be possible using retroviral labelling techniques.
Thus, the tangential displacement of progenitor cells oc-
curred even at early stages.
Progenitor cells can cross the midline
The unexpectedly high frequency of double-hemisphere
clones indicated that, for the majority of embryos in which
they were observed, double-hemisphere clones composed a
single clone, and progenitors had crossed the midline in the
anterior neural plate after the time of labelling. The propor-
tion of double-hemisphere clones varied during develop-
ment, with peaks at E11.5 and E14.5. Although observation
of clones is recording historical events, the timing of which
cannot necessarily be determined, the changes in frequen-
cies of double-hemisphere clones must indicate changes in
capacities for progenitor cells to cross the midline. The
relative reduction observed at E12.5 compared with E11.5
suggests that more recently labelled clone members were
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midline compared with those labelled earlier. Conversely,
the relative increases observed at E14.0 and E14.5 com-
pared with E12.5 and E13.5 might be explained by clone
members having acquired a renewed capacity to cross the
midline, perhaps dorsally. We suggest that two different
mechanisms facilitate clone member dispersion across the
midline. Early in development, clone members are able to
cross the ventral midline in the neural plate. This is followed
by a period during which clones are restricted to a single
hemisphere and then, at later stages, clone members are able
to cross the midline dorsally.
Cell death during cortical development
We observed a dramatic reduction in the frequency at
which clones were detected between E13.5 and E14.5.
Estimates of cell death during telencephalon development
are conflicting and they vary with the method of detection.
Studies based on TUNEL staining have suggested there is no
(Spreafico et al., 1995) or only low levels (< 2%) (Thomai-
dou et al., 1997) of apoptosis during mid-neurogenesis.
However, using in situ end labelling (ISEL+), Blashke et
al. (1996) reported that, on average, 50% of cells in the
telencephalon were labelled with the ISEL+ tag between E10
and E18, suggesting an average of 50% of cells were fated to
undergo apoptosis during this time. In addition, labelling
levels peaked at E14.0, when up to 70–75% of cells were
labelled (Blaschke et al., 1996). While our methods would
not have detected constant background cell death at any
level, the >50% drop in the proportion of embryos with
labelled clones we observed between E13.5 and E14.5 is
compatible with a substantial increase in cell death rates at
that time. Furthermore, the rapid removal of labelled cells we
observed is consistent with previous estimates of short
clearance times of apoptosed cells (2–3 h) (Thomaidou et
al., 1997).
Interpretation of cell lineage analyses
A simple model of the telencephalic lineage can be
derived from our data by assuming a cell cycle time of
approximately 12 h (Takahashi et al., 1995; Cai et al., 1997).
However, cell death has a severe impact on the analysis of
lineage. Analysis of the fraction of embryos containing
labelled clones gives us information about the dynamics of
the telencephalic lineage. The probability of a reversion
event in a proliferating cell is likely to be the same for any
cell at any time point, and thus initially, the probability of an
embryo containing a revertant clone will be proportional to
the number of divisions that have taken place up to the time
of observation. However, from around E11.5 to E12.5,
significant numbers of cells resulting from these divisions
will exit the cell cycle and differentiate, so reducing the
opportunity for reversion, and the increase in the fraction of
embryos with labelled clones will no longer be linearlyrelated to the number of cell divisions in subsequent days
(Price et al., 1997, Gillies and Price, 1993). The data in Table
2 indicate that the proportion of embryos containing labelled
clones increased approximately 8-fold between E10.5 and
E11.5, and approximately 3-fold from E11.5 to E12.5,
consistent with a cell cycle time of 8–15 h. In the next 24-
h period, the proportion of embryos with labelled clones
increases by less than 2-fold, indicating that some mecha-
nism is operating to reduce the number of offspring of
progenitor cells. This may be the exit from cell division of
differentiating cells, the death of a proportion of cells, or a
combination of these. Over the next 24 h, the proportion of
labelled embryos falls by over 50%, which can only be
explained by substantial cell death not only reducing the
expected increase in progenitor cell numbers, but actually
diminishing the available revertant pool as well as eliminat-
ing existing revertant cells. Moreover, although we have
visualised the trajectories of migrating progenitor cells in the
VZ by OPT, presumably many columns have been removed
from the paths following cell death, leaving us with an
incomplete account of the progenitor cells’ journeys.
Such high cell death rates also have significant conse-
quences for the interpretation of previous lineage analyses
that used retrovirally labelled clones (Cai et al., 1997;
Mione et al., 1997). These studies using retroviruses
designed with unique sequence tags inevitably underesti-
mated clone sizes due to PCR failure. These underestimates
will have been exacerbated by unaccounted cell death.
Identification of the origins of cortical neurons, their
patterns of dispersion, and their population dynamics will
improve our understanding of how functionally different
domains of the cerebral cortex form. Several molecular
gradients have been studied in the context of aerialisation
(Bishop et al., 2000). Current evidence suggests that gra-
dients of transcription factors such as Pax6 and Emx2, and
cell surface molecules such as cadherins, create regional
differences in the cortex during embryogenesis (Bishop et
al., 2000). It is likely that large clones were labelled around
the time when Pax6 (Walther and Gruss, 1991) and Emx2
(Gulisano et al., 1996) expression begins. Cadherin gra-
dients, which may limit the extent of cell dispersion, are
established later in neurogenesis (Suzuki et al., 1997) and
are unlikely to affect cell mixing during these early stages.
Since labelled cells in many large clones were dispersed
across the entire length of the telencephalon, Pax6 and
Emx2 expression gradients do not appear to restrict cell
dispersal. As labelled cells become dispersed into different
cortical regions, their expression profiles may come to
match those of cells in the region they move into, rather
than retain characteristics of their origins.Acknowledgments
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